We demonstrate a distortion free tunable optical delay as long as 135 ps with a 10 GHz bandwidth using thermally tuned silicon microring resonators in the novel balanced configuration. The device is simple, easy to control and compact measuring only 30 µm wide by 250 µm long.
Introduction
On-chip tunable delays have applications in data buffering, signal processing, and phased array antennae [1] [2] [3] . Different approaches for delays such as photonic crystals [4] [5] [6] , stimulated Brillouin scattering (SBS) [7, 8] , stimulated Raman scattering (SRS) [9, 10] , coupled microring resonators [11] [12] [13] [14] [15] [16] [17] , and wavelength conversion and dispersion [18] [19] [20] have been demonstrated. However, these approaches either require high precision fabrication (such as in the photonic crystal case) or rely on large devices (in the case of on-chip SBS, SRS, and wavelength conversion and dispersion).
Compact long delays can be achieved in ring resonators however in these structures the delay is fixed and is limited in bandwidth [21] . This limitation is because these delays rely on high finesse, and therefore inevitably introduce higher order group delay dispersion [22, 23] , which limits the bandwidth. One powerful technique to reduce data distortion and increase bandwidth in resonance based delay lines is operating away from the resonance peak [11, 16, 17, [24] [25] [26] [27] , which sacrifices maximum delay. This technique has been implemented using stimulated Brillouin scattering [25, 26] and thermally tuned silica based microrings [11, 16, 17] . However, the silica based structures are based on large radius rings (an inherent limitation of the silica based platform), from a few hundred microns up to a millimeter. Furthermore, the methods used in [11, 16, 17] require individual controls of both resonant frequencies and coupling coefficients of a large number of resonators.
In this paper we demonstrate a delay scheme using compact silicon-based microring resonators for enabling high bandwidth and continuous tunability based on the balanced sidecoupled integrated spaced sequence of resonators (SCISSOR) structure [27] .
Balanced SCISSOR Concept and Simulations
The Balanced SCISSOR structure used in this work consists of two sets of identical racetrack shaped microring resonators, which can be on opposite sides of the bus waveguides, as shown in Fig. 1a . The racetrack microrings are characterized by a bend radius of 7 μm and straight sections of 7.5 μm, for an overall circumference of 59 μm. The group index is approximately 4.1, and the coupling coefficient is approximately 0.35. The device is designed to operate in the TE polarization. If all the rings are at the same resonant frequency, as shown in the delay spectra in Fig. 1b (I) , a significant group delay of about 25 ps per ring can be attained. However, this delay has a narrow bandwidth. To expand the bandwidth, as proposed in [27] , the resonant frequencies of the resonators are shifted by a small amount Δω from the central resonance frequency ω r ; half of the rings are blue shifted and the other half are red shifted, as shown in Fig. 1b (II) , with the resulting group delay spectrum shown in Fig. 1b (III) . This easy-to-control arrangement, requiring only two independent controls for each of the two sets of rings, reduces the third and higher orders of group delay dispersion [27] , as evidenced by the wide spectral regions with essentially flat and ripple-free group delay (see Fig. 2 ). The resonances of the rings are changed symmetrically about the central resonant frequency ω r , which is also the operating frequency of the overall structure and remains constant while the group delay is varied. The spectral width of the structure broadens, increasing its bandwidth, as the resonance frequency detuning from ω r is increased (i.e. the difference in frequency between the rings" resonance frequency and the operating frequency). As shown in Fig. 2b , the third order group delay dispersion crosses zero at a resonance detuning of 7.56 GHz and remains quite low for larger detunings. From Ref. 27 , the relationship between delay and Delay spectrum as a function of frequency relative to the device"s operating frequency. No ripple is observed in the spectrum. (b) Third order delay dispersion as a function of resonance detuning. The simulations show that third order delay dispersion can be cancelled using the Balanced SCISSOR. For larger resonance detuning, the third order delay dispersion remains low.
Device fabrication
We fabricate the device using standard CMOS fabrication processes. The fabrication starts with a silicon-on-insulator (SOI) substrate with a 250 nm thick device layer and a 3 µm buried oxide. A silicon dioxide etch mask is deposited via plasma enhanced chemical vapor deposition (PECVD) and the device is patterned using electron beam lithography on Ma-N 2403 resist. To improve adhesion and prevent delamination of the Ma-N 2403 resist, we use Surpass 3000, an adhesion promoter, before spinning the resist. We etch the silicon dioxide mask in a reactive ion etcher (RIE) using fluorine chemistry. After stripping the resist, the silicon is etched in an inductively coupled plasma reactive ion etcher using chlorine chemistry. We deposit 300 nm of silicon dioxide in a low pressure chemical vapor deposition (LPCVD) reactor. This deposition technique is highly conformal and fills in the gaps between the microrings and the bus waveguide. To complete the cladding, 700 nm of silicon dioxide are deposited via PECVD. The heaters are fabricated directly above the rings by thermal evaporation of 200 nm of chrome using a lift-off process [28] . Finally, gold contact pads are made with thermal evaporation and lift-off (see Fig. 3 ). The fabricated SCISSOR device consists of eight rings using a racetrack configuration for low loss coupling with the bus waveguide (see Fig. 3 ). The rings have circular sections with a radius of 7 µm and straight sections of 7.5 µm long (Fig. 1) . The coupling gap between the ring and the bus waveguide is 200 nm. The chrome heaters are 1 µm wide. The fabricated device is 30 μm in width and 250 μm in length, measured from where the rings begin to where they end. The contact pads are 100 μm x 100 μm with a 200 μm pitch and are designed to match the probes used to contact the device.
Experimental results
We test the device with a continuous 10 Gbps NRZ pattern of 1010111001000110 generated by modulating a tunable laser set at the device"s operating wavelength using an electro-optic intensity modulator. Following the modulator, the signal is sent though a second polarization controller, which is used to ensure that the TE polarization is coupled into the SCISSOR device. One percent of the output from the SCISSOR device is sent to an optical spectrum analyzer (OSA) for monitoring. The remaining output is amplified with an EDFA before being passed through a bandpass filter to reduce the ASE noise added by the EDFA. We use another one percent tap to monitor the power arriving at the receiver, which includes a builtin limiting amplifier. One output of the receiver is connected to a sampling oscilloscope and the other output is connected to the receive section of the BERT. The clock output from the pattern generator is used to trigger the sampling oscilloscope and BERT to synchronize the signals and measure the delay and bit error rate (BER) from the device (Fig. 4) . The typical fiber coupling loss is 14 dB including the tapered fiber to chip loss, the waveguide propagation loss, and the loss from the microscope objective used to collect the device"s output back to a fiber. The coupling loss of the device could be reduced to approximately 3 dB by optimizing the input and output coupling nanotapers [29] . The microring resonances, and hence the delay, are tuned using the thermal heaters. Using the thermo-optic effect, the resonances can only be red-shifted, therefore we bias all the resonators with a red shift to the operating wavelength, which then allows us to both blueshift (by reducing the voltage) and red-shift (by increasing the voltage) the resonances from this operating point. In order to tune the resonances precisely for the balanced SCISSOR operation, the resonance shift vs. applied voltage to the heaters was characterized for all eight rings (Fig. 5) . Since we only need to shift the resonances by less than one nanometer, we linearize the curve for each ring about the operating wavelength of the delay. With the slope of these curves, we determine the voltage change required to shift the resonances of the individual rings to achieve the different delays. In practice, additional resistors can be placed in parallel with the heater and trimmed as needed to deliver equal power to all heaters, thus needing only two driving voltages: one to drive all the red detuned rings and one to drive all the blue detuned rings. We achieve tunable delays between 2 and 187 ps. We tune the resonance detuning of the two sets of resonators by adjusting the voltages supplied to the heaters. When the resonant wavelengths of all eight resonators coincide with the signal wavelength, i.e., the case of no detuning, we observe a delay of 187 ps. When we separate the resonances by 5 GHz, the delay is reduced to 169 ps. For a resonance detuning of 10 GHz we measure a delay of 135 ps. As we continue to increase the resonance shift, the measured delay continuously decreases. The measured NRZ waveforms for the different delays are shown in Fig. 6a , starting with a reference waveform when the resonances are moved away from the operating wavelength, providing a zero delay trace, through delays of 9 ps (50 GHz detuning) up to 187 ps (no detuning). The smallest delay we measure is 2 ps, for a detuning of 60 GHz, shown in Fig. 6b , which compares the measured delay versus detuning frequency. Figure 6b also includes a curve for the simulated time delay versus resonance detuning, which provides a good match with experimental results. The simulated curve is generated using the equations from Ref. 27 . As expected, all waveforms in Fig. 6a in which the balanced SCISSOR operation is used (resonators detuned), show delayed versions of the reference waveform with little to no distortion. The waveform for zero detuning shows clear distortion, with small oscillations seen in the "1" levels for all other waveforms not seen in this case. This distortion is due to the narrow bandwidth obtained when all resonances are aligned, as shown in Fig. 1  (I) . Significantly longer delays can be achieved by simply increasing the number of rings in the device. We observed approximately 3.2 dB of loss due to the delay line for the 94 ps delay case, which corresponds to a propagation loss in the rings of 4.5 dB/cm or 0.028 dB loss per round trip in one ring.
The power consumption of the device is below 30 mW, which is the amount of power (calculated from the power supply voltage and current) that was being drawn from the DC power supply used to drive all the heaters. To first order, the power consumption of the device depends directly on the bias voltage applied to the rings to bring them to the operating wavelength, because the rings" resonances are then evenly split around the bias point. Thus, reducing the bias required to operate the device will lower its power consumption. The delay is continuously tunable, limited only by the smallest voltage change that can be applied. From Fig. 5 we find that the slope of the curve about the operating wavelength for the rings, 1551 nm, has an average of 0.477 V/nm. Considering a change of 1 mV as the minimum voltage change, one can tune the resonances in wavelength steps of 2.1 pm. From  Fig. 5 , we obtain that the slope of the delay versus resonance detuning is 6.3 ps/GHz around 1551 nm wavelength. Therefore, the minimum tunable time step size in this case is 1.6 ps.
To further illustrate that the tunable delay in the balanced SCISSOR is essentially distortion free, we measure the BER for the device as we vary the delay. A 2 31 -1 pseudorandom bit sequence is sent through the device and we measure the error rate at the receiver. The BER curves in Fig. 7 show that for a resonance detuning of 10 GHz or greater (corresponding to a delay of 135 ps or less), the power penalty from the delay is very small, within our measurement error. When all the rings are on resonance, (i.e. the rings are not in the balanced SCISSOR configuration and third order dispersion isn"t cancelled) the power penalty becomes large, approximately 3 dB. The power penalty decreases to about 2 dB for a resonance detuning of 5 GHz (delay of 169 ps) indicating that the distortion introduced by the third order dispersion in the delay line is reduced and that the bandwidth is clearly increased in the balanced SCISSOR. As predicted in the simulations (Fig. 2b) , when the resonance detuning is set to 10 GHz or more, the third order dispersion is effectively canceled and the BER penalty is negligible.
The maximum tunable delay-bandwidth product is approximately 0.18 per ring, significantly larger than the 0.11 per ring result attained for the same 10 Gbps bit rate in [17] . Our scheme is comparatively simple, since, in principle, it does not necessarily require individually tunable resonance shifts for each ring (limited by fabrication tolerances). As we observe very little deterioration of the signal it appears that nearly the same distortion-free delay may be attained even at 40 Gbps using the balanced SCISSOR scheme. The results confirm the observation made in [27] that reducing the lowest (third) order contribution to the group delay dispersion is critical, and that trying to further flatten the delay characteristics can lead to additional complexity with a diminishing payoff. Fig. 7 . Bit error rate measurements for different resonance detuning. For a detuning of 10 GHz or greater, the power penalty for the delay becomes very small.
Conclusion
In summary, we demonstrate here a continuously tunable delay based on silicon microring resonators in a novel balanced SCISSOR configuration, characterized by low group delay dispersion and low loss. The delay is tuned with localized heaters fabricated on top of the microrings. We show distortion free operation for the delay of a 10 Gbps signal, tunable between 2 and 135 ps. This range can be expanded by increasing the number of rings in the device. The minimum tuning step size is only limited by the minimum voltage increment that can be applied to the heaters, providing 1.6 ps for a 1mV step, and the low distortion indicates that both longer delays and wider bandwidth can be achieved in a CMOS-compatible balanced SCISSOR device.
